Experimental techniques that utilize atomic force microscopy are routinely used to examine tribological properties of tip-sample interactions. While analysis of data obtained with these methods provides values for macroscale properties, such as interfacial shear strength, understanding nanoscale properties, such as contact radius, requires an atomic-scale approach. Molecular dynamics simulations provide the ability to numerically analyze the nanoscale origins of a wide-range of material and tribological properties. In this paper, the sliding contact between a self-assembled monolayer (SAM) and two countersurfaces (a nominally flat, amorphous carbon surface and a nearly spherical fullerene tip) is compared. By examining contact forces between the tip and monolayer atoms, large differences in monolayer behavior that occur due to tip geometry can be elucidated. The structure factor reveals that the fullerene tip creates a more disordered monolayer than the amorphous counterface. Friction forces were also studied using the atomic-level contact forces, which show that the depth at which the fullerene tip affects the SAMs substrate is much deeper than the amorphous counterface. The distribution of contact forces that contribute to friction and load were studied and show a difference in behavior between the two countersurfaces. Finally, while there are a large number of atoms that have a non-zero load during sliding, a smaller subset of 32 atoms carries ∼96% of the load. Using this subset of atoms to compute contact radius reveals a greater agreement with the continuum mechanics models than using all atoms with a non-zero load. This paper highlights how computer simulations can yield insight into tribological interactions at the atomic scale.
Introduction
The behavior of materials at the nanoscale has been the subject of much recent interest [1] [2] [3] . This is largely due to the desire to make smaller machines, e.g. microelectromechanical systems (MEMSs) [4] [5] [6] . As the size of mechanical systems shrinks from macro-to nanoscale, the surface-to-volume ratio increases and surface phenomena, such as adhesion, friction and wear become more significant. MEMSs are typically constructed of silicon because silicon etching technology is well developed. Silicon has a high surface energy and poor wear resistance. As a result, Si-based devices suffer from stiction (or adhesion) and severe wear in sliding contacts [7] [8] [9] [10] [11] [12] . One way to lower surface energy, and thereby reduce stiction, is to coat the surface of Si-based MEMS with a solid lubricant, such as a self-assembled monolayer (SAM) or diamondlike carbon (DLC) [3, 6, [13] [14] [15] [16] . Because SAMs form well-packed monolayers, they provide a flexible, convenient and simple system with which to tailor the interfacial properties of metals, metal oxides and semiconductors [17, 18] .
The atomic force microscope (AFM) has proven to be a useful tool for examining mechanical properties and nanoscale tribology at well-defined interfaces [3, 19] and it has been used extensively to examine the mechanical and tribological properties of SAMs [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . While the extraction of materials properties, such as Young's modulus and the interfacial shear strength, from AFM data requires the use of contact mechanics models [37, 38] , recent simulations have cast doubt on the validity of these models at the atomic scale [39] [40] [41] [42] . Robbins and coworkers [39, 40] examined the applicability of continuum mechanics to nanoscale contacts by comparing analytic continuum solutions to molecular dynamics (MD) simulations. These studies showed that atomic-scale roughness, due to the presence of discrete atoms, leads to dramatic deviations from analytical continuum solutions during indentation. During sliding, contact areas and stresses can be changed by a factor of two compared with analytic continuum solutions. Recently, complementary MD and hierarchical finite-element-MD simulations were used to examine contact area as a function of roughness in model diamond nanocomposites (MDN) [42] . The roughness was varied by randomly tilting the embedded diamond grains within the nanocomposites. Configurations created for the MD simulations served as templates for the finite-element (FE) mesh. In both the MD and FE simulations, the additional component of roughness from the tilting of the diamond grains increased the contact area compared with the analytic continuum solution. Contact areas of the MDN calculated in the MD simulations were larger than systems that are atomically flat which possess roughness associated with the presence of discrete atoms [41] . In addition, while the inclusion of tilted diamond grains in the FE simulations increased the contact area compared with the continuum solutions, the increase was not as large as it was in the set of complementary MD simulations. Despite the fact that continuum contact models underestimate the contact area, they have been successfully used to interpret AFM data [3, 19, 37, 41, [43] [44] [45] [46] [47] [48] [49] [50] [51] . This apparent contradiction has yet to be fully understood.
The addition of a compliant layer, such as a SAM, to a substrate adds an additional level of complication. Recently, several contact models for the case of a thin, compliant layer attached to a substrate have appeared in the literature. For instance, Johnson and Sridhar [52] extended Johnson-Kendall-Roberts (JKR) theory to include a compliant elastic coating on a compliant substrate. Viscoelastic effects have been incorporated into JKR theory so that the modulus of elastomeric films could be studied [53] . Lin et al modeled the compliant layer as a Neo-Hookean layer [54] . Finally, Reedy [55] developed a model for the contact of a rigid, spherical indentor contacting a thin, linear elastic coating to a rigid substrate. Despite the existence of these models, there are only a few cases of their successful application to the AFM data of deformable materials [56] [57] [58] .
MD simulations have proven to be a useful tool for lending insight into atomic-scale processes. Since the ground-breaking MD simulations of the indentation of Au(1 1 1) [59] and a two-dimensional Lennard-Jones crystal [60] , MD simulations have been used extensively to model nanoindention [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] and friction [71] [72] [73] [74] [75] [76] [77] . Despite the successes in modeling indentation and the friction between two infinitely flat surfaces, there have been comparatively few MD studies that have examined friction using finite-size tips [39, 40, 42, 64, 70, 75, [78] [79] [80] .
In this work, MD simulations were used to examine contact behavior and atomic-scale friction obtained when countersurfaces with two different geometries are brought into contact and slid against model SAMs composed of n-alkane chains on a hard substrate. Careful examination of the contact forces on each monolayer atom, or the vector sum of forces exerted on each atom due to interactions with the entire set of countersurface atoms, provides unprecedented insight into the contact behavior and the friction [70, [81] [82] [83] . The way in which individual monolayer atoms support load and contribute to friction in both contacting geometries was examined. The results presented here, combined with previous simulations that have examined the validity of continuum mechanics models at the nanometer scale [39] [40] [41] [42] 70] , may prove helpful in the application, and development, of contact mechanics to systems with compliant layers.
Simulation details
All simulations discussed herein employ the adaptive intermolecular reactive empirical bondorder (AIREBO) potential [84] , which takes into account each atom's local environment, torsional interactions between atoms, and non-bonded interactions. This hydrocarbon potential has been used extensively in a variety of tribology simulations [64, 77, 81] . Additionally, this potential has been used in chemical sputtering of polymers [85] , hydrocarbon sputtering [86, 87] , and carbon nanotube bending [88] , and chemistry [89] [90] [91] . The AIREBO potential also can simulate chemical reactions, which may occur if forces are large enough to break bonds during sliding [67, 74, 92] .
To examine the effects of contact geometry on indentation and friction, two different countersurfaces were placed in sliding contact with a model SAM composed of n-alkane chains containing 14 carbon atoms (-(CH 2 ) 13 -CH 3 ) attached to a diamond (1 1 1) surface in the (2 × 2) arrangement. (The alkane chains will be referred to as C 14 chains.) The result is a monolayer surface area of 21.9 Å 2 between hydrocarbon chains and a packing density that is similar to that of n-alkanethiols on Au(1 1 1) [93] . The terminal -CH 2 group in the chains is chemically bound to the diamond (1 1 1) substrate (this last -CH 2 group contains the head carbon). The diamond substrate contains three layers of carbon atoms, with the bottom (outermost) layer of carbon held rigid. The remaining two layers of diamond have a Berendsen thermostat applied to them and are maintained at 290 K [94] . The positions of the C 14 chains within the monolayer are integrated without constraints during the course of the simulation.
Both an infinitely flat amorphous carbon counterface and a spherical fullerene tip were placed in sliding contact with the model SAMs. The amorphous carbon surface has been used previously [81] and is described briefly below. It consists of 5500 atoms, of which 35% are hydrogen (figure 1). It has a density of 2.3 g cm −3 and the surface in contact with the monolayer is fully saturated with hydrogen at the start of the simulation. The total thickness of the amorphous counterface is approximately 19.3 Å. The counterface length and width are such that it has the same dimensions as the monolayer beneath it. Periodic boundary conditions are applied in the plane containing the monolayer and, as a result, both the monolayer and the amorphous counterface are infinite in extent. The number of C 14 chains that are attached to the diamond substrate is based on the size of the sliding countersurface. The simulations involving the amorphous counterface have 100 monolayer chains, while the fullerene tip is in sliding contact with a monolayer composed of 270 chains. The x and y dimensions of the simulation system when the amorphous counterface and fullerene tip are used are 50. the atoms in the next 6.5 Å are thermostated to 290 K, and the atoms in the remaining 7 Å closest to the interface between counterface and substrate are integrated without constraints. A constant velocity of 0.8711 Å ps −1 is applied in the sliding direction to the rigid layers of the counterface, which corresponds to moving one unit cell of the (2 × 2) diamond substrate every 10 ps. While the sliding speed is much faster than experimental sliding speeds, simulated results have been shown to be invariant for sliding speeds ranging from 0.2 to 100 m s −1 in several systems [95] [96] [97] .
To mimic an AFM study, a finite-size rigid spherical tip is also placed in sliding contact with a model SAM. The spherical tip is composed of 720 carbon atoms, had a radius of ∼13 Å, and was composed entirely of 5-membered or 6-membered rings so that its shape resembled that of a 720-atom fullerene (figure 1) [98] . The tip is held rigid while sliding across the monolayer substrate to mimic a hard AFM probe interacting with the much softer alkane monolayer (figure 1).
The counterfaces and monolayers are equilibrated separately. Equilibration is achieved when both the potential energy and the temperature of the system fluctuates about some constant value. Once equilibration was achieved, both countersurfaces were introduced above the monolayer and the systems were equilibrated with a target load applied to the countersurfaces during sliding. During the course of this equilibration, the counterface can move closer to, or away from, the monolayer through the use of a feedback loop which computes the forces between counterface atoms and the monolayer atoms, [81, 82] raising or lowering each counterface to arrive at the target load. Equilibrating the countersurface and monolayer substrate together for two complete passes over the surface reduces the effect of run-in in the simulations. Once the equilibration is complete, then sliding data are collected for a total of two passes, which corresponds to 18 unit cells of the monolayer substrate (or the unit cell of the underlying (2 × 2) diamond substrate).
The average atomic contact force is defined as the force on an individual monolayer atom due to all counterface atoms averaged over N time steps and is calculated using the following equation [70, [81] [82] [83] :
Here, i is the sum over a set of a user-specified set of simulation steps (N ), j is the sum over the entire number of atoms in the monolayer, k is a single counterface atom, and finally F jk is the instantaneous force between atoms j and k.
It is important to note that the quantity that is most directly connected with what is measured experimentally is the net force on the rigid-layer counterface atoms, not the average atomic contact force summed over all counterface atoms (i.e. the net average contact force). In fact, the atomic contact forces on rigid-counterface atoms and atoms near the rigid layer are completely negligible because they are far away from the sliding interface. It has been recently shown that over the course of a simulation, there is a high degree of correlation between the net force on rigid-layer counterface atoms and the net average contact force exerted by the sample on the counterface [99] . These average contact forces can be analyzed in creative ways to yield insight into the way in which structural features at the sliding interface influence friction force [82, 83, 99] . The main advantage of using the average atomic contact forces is that the forces on individual monolayer (or counterface) atoms normal to, and tangential to, the sliding interface, and the role they play in supporting the load and friction, can be investigated. In particular, the contributions each atom makes to the total force that resists the forward motion of the counterface can be separated from the contributions that push the counterface in the sliding direction. Loading forces on each monolayer atom can also be separated into repulsive and attractive contributions. For simplicity, hereafter, contact force will refer to the average atomic contact force on each monolayer atom.
Results
The major difference between the amorphous counterface and the spherical fullerene tip is that the spherical tip is able to penetrate into the monolayer, while the amorphous counterface uniformly compresses the monolayer. This fact leads to markedly different behavior when comparing the two countersurfaces. For example, a comparison of the average contact friction calculated over the duration of the sliding simulations (two complete passes) as a function of applied load using both counterfaces is shown in figure 2 . At non-zero loads, the friction calculated using the fullerene tip is larger than the friction produced from the amorphous counterface. In addition, when the spherical fullerene tip is used, the magnitude of friction increases approximately linearly with load and it increases much more rapidly with load compared to the friction generated by the amorphous counterface. When the amorphous counterface is used, the friction reaches some limiting value as the load increases. Because the amorphous system is composed of a counterface and substrate that have the same dimensions as the sliding interface, there is not any 'edge effect' like that seen when the fullerene tip is sliding. As a result, the amorphous counterface is not able to penetrate into the substrate.
Both experiments [23, 24, 29, 31] and simulations [77, 81, 82, 100] have linked increased friction to an increase in disorder. Calculation of the two-dimensional (2D) structure factor, S 2 , and the number of gauche defects in the monolayer, are two possible ways disorder within the monolayer can be quantified. The 2D structure factor has been defined previously [64, 99] . Treating the -CH 2 -and -CH 3 -chain segments as layers within the monolayer allows the structure factor to be calculated as a function of chain segment. Perfectly ordered chains would be translationally invariant and have structure factors of one. As chains become more disordered, the value of S 2 moves toward zero, indicating the monolayer's ordering has changed. Because the C 14 chains within the monolayer are anchored to a (1 1 1) diamond substrate in a (2 × 2) arrangement, S 2 may be calculated using the reciprocal lattice vectors of the reconstructed diamond surface. The structure factors calculated for each carbon atom in the monolayer are shown in figure 3 for both countersurfaces. At a given load, the structure factor of each carbon atom in the monolayer is averaged over the entire sliding simulation. Each carbon atom in the monolayer chain is numbered from 1 to 14, with 1 being the head carbon atom, and 14 being the -CH 3 group closest to the sliding interface. For both countersurfaces, the farther the chains extend from the substrate toward the sliding interface, the more the packing deviates from that of the underlying diamond substrate. In the case of the fullerene tip, the ends of the chain's closest to the sliding interface lose all the order associated with the underlying diamond substrate. That is, the structure factors approach zero even at the lowest load of 0 nN. Increasing the load on the fullerene tip results in an increase in disorder. In contrast, when the amorphous counterface is used, the application of load results in more order. Put another way, the structure factors become more tightly correlated with the underlying diamond substrate. This increase in order as a function of load is a result of the tighter packing brought about by the compression, and the aligning of the -CH 3 tail groups at the higher loads. This also results in a uniform response of the monolayer to the motion of the counterface [77, 101, 102] .
The formation of gauche defects has been noted in previous MD simulations of indentation [64, 77, 82, 103] , and has also been suggested to lead to higher interfacial friction [20, 23] . A gauche defect can be defined as the occurrence of a dihedral angle, φ, in the monolayer chain, that is larger than 270
• or lower than 90
• between four consecutive carbon atoms C 1 -C 2 -C 3 -C 4 when looking down the C 2 -C 3 bond. In simulations by Tutein et al as the load of a rigid nanotube was increased during indentation of a SAM, the number of gauche defects increased [64] . In those simulations, the gauche defects were computed while a (10,10) single-walled carbon nanotube (SWNT) was used to indent monolayers composed of chains with different lengths. Figure 4 shows the plot of the total number of gauche defects in the monolayers when in sliding contact with both countersurfaces at a fixed load. Each set of four consecutive carbon atoms in a chain is examined to determine the dihedral angle, meaning that the entire monolayer is being examined for gauche defects. At all loads examined, the fullerene tip generates a larger number of gauche defects during sliding. In fact, the fullerene tip generates approximately ten times the number of gauche defects at all non-zero loads by the end of the second pass of the tip through the monolayer.
When the amorphous counterface is used, penetration into the monolayer is not possible. As a result, the number of gauche defects decreases slightly as sliding progresses, before eventually plateauing. In this case, the gauche defects are localized to the ends of the chain and the sliding motion has the net effect of removing the defects from the ends of the chains. In the case of the fullerene tip, the number of gauche defects is approximately constant during the course of the simulation. Gauche defects can be formed far below the sliding interface (figure 4) because the fullerene can penetrate into the monolayer. The number of defects is approximately constant because new defects are being formed in the region around the tip while defects far from the tip eventually anneal out. From the average atomic contact forces on each monolayer atom calculated using equation (1) , a detailed analysis of the way individual atoms contribute to the total friction is possible [70, 81, 82, 99] . Once contact forces are calculated, they can be analyzed in creative ways to lend insight into the distribution of forces at the sliding interface. For example, figure 5 shows the distribution of contact forces on all the monolayer atoms in the sliding direction as a function of position from the center of the fullerene tip. Positive distances correspond to monolayer atoms in front of the tip in the sliding direction. At this load, the contact forces directly in front of the tip are larger than those behind the tip.
These forces can be broken down even further by separating them into components that resist (+) tip motion and those that push (−) the tip in the sliding direction (figure 5). By breaking down the sliding-force distribution in this way four distinct regions become apparent. A region of resisting (+) and pushing (−) forces in front of the tip and regions of positive and negative forces behind the tip. Atoms in front of the tip (+y values) naturally oppose the motion of the tip moving past them. When these atoms are in close proximity to the tip, they interact via the hard-wall portion of the LJ potential. This hard-wall interaction gives rise to the (+) values of contact force in front of the tip (+y) (figure 5).
When the tip passes over, or by, the monolayer atoms, the tip and the monolayer interact via the hard-wall portion of the LJ potential; however, the sign of the force changes to (−). As a result, atoms behind the tip (−y values) are able to exert a force on the tip in the sliding direction that aids the motion of the tip. These regions of (−) force behind the tip are apparent in distributions at 10 nN shown in figure 5 and at all other non-zero loads. Because this force is 'pushing' the tip in the sliding direction, it reduces the net friction force experienced by the tip. The scale of the forces in the two regions of the contact force distribution that arise from the hard-wall portion of the LJ potential is larger than the scale of the forces in the remaining two regions of the distributions. This disparity increases with the application of load. It follows that these types of interactions are the largest contributors to the net friction force experienced by the monolayer. It should also be noted that for all non-zero loads, there is a pronounced difference in the scale of the resisting forces (+) in front of the tip compared with the scale of pushing forces (−) behind the tip [70] . In summary, figure 5 can be broken down into four quadrants around the origin. The larger of the two quadrants behind the tip center are atoms that exert a negative force behind the sliding countersurface that 'push' the tip forward. The larger of the two quadrants in front of the tip center with positive forces are atoms in front of the tip that are being pushed closer to monolayer atoms, and therefore 'feel' the hard repulsive wall of the potential. These forces resist forward motion of the tip. The remaining two regions of the sliding-force distribution (figure 5) correspond to the resisting forces (+) behind the tip (−y) and to the pushing forces (−) in front of the tip (+y). Both of these types of forces arise from long-range interactions. When the tip has passed by a monolayer atom, the distance between the monolayer atom and the tip increases so that the interaction is governed by the attractive region of the LJ. Because the force is attractive, the monolayer atom resists the motion of the tip moving away from it. These forces correspond to the resisting (+) forces at negative values of tip position (−y) in the distribution. There are monolayer atoms that are far enough in front of the tip to be in the attractive region of the potential. This attractive force 'pulls' the tip in the sliding direction and is, therefore, classified as a pushing force at positive values of tip position (+y). These two regions of the distribution are a direct consequence of the finite-size of tip and are not apparent in contact-force distributions when the infinite, amorphous carbon tip is in sliding contact with the monolayer (figure 6).
In contrast to the regions of the distributions that arise from interactions with the hard wall of the LJ, the regions that arise from attractive interactions involve large numbers of atoms. . Average total contact friction on the monolayer atoms separated into components that resist (+) the amorphous counterface motion and those that push (−) the amorphous counterface along the sliding direction. The load on the amorphous carbon counterface is 10 nN. Because the amorphous counterface and the monolayer are infinite in extent, a random counterface atom is chosen to compare distance from counterface to subsequent monolayer chains.
Due to the long-range nature of the attractive portion of the LJ, more atoms contribute to these portions of the distributions. However, because the attractive portion of the LJ potential is weaker than the repulsive region, the scale of the forces in these two regions of the distributions is much smaller. The amorphous counterface is infinite in extent and it cannot penetrate into the monolayer. As a result, the scale of the contact forces generated by the motion of the counterface is much smaller than when the fullerene tip is used ( figure 6 ). The distribution of contact forces during sliding is periodic. Because the periodic boundary conditions of the amorphous counterface match the monolayer dimensions, a random atom is chosen, and distances between this counterface atom and substrate atoms are calculated. At all points along the monolayer there are some resisting and pushing forces on the counterface. Similar behavior is seen at all applied loads, indicating that the monolayer structure beneath the sliding counterface does not change drastically during the course of sliding or with the application of load. The magnitude of the forces are larger, but the overall behavior is the same at all loads.
The contact force on each monolayer atom due to all countersurface atoms can be collected so that the contact forces on specific segments, or groups, of atoms within the monolayer chains can be calculated. Figure 7 shows the contact forces in the sliding direction (friction) grouped by chain segment when the amorphous counterface is in sliding contact with the monolayer. At 0 nN, the contact forces of the tail groups of each chain (-CH 3 ) are plotted together and labeled group 14. Moving down the chain toward the attachment point on the substrate, the group numbers are decremented by one for each group. Thus, group number one would correspond to the head groups attached to the diamond substrate. It is clear that the tail groups of the chains have the largest forces that resist (+y) countersurface motion and the largest forces that assist countersurface motion (−y). The farther the chain segment is away from the sliding interface, the smaller the magnitude of the contact forces (figure 7) on that group of atoms. In fact, only the top three groups have any appreciable contact forces at a load of 0 nN.
It is also possible to subdivide the contact forces on the groups further, separating them into individual atomic contributions. In that case, previous simulations have shown that two of the three hydrogen atoms in the tail groups protrude upward toward the amorphous counterface and are responsible for the majority of the friction in a monolayer composed of C 14 alkane chains [82] . As the magnitude of the applied load increases, the amount of friction generated by each portion of the monolayer increases slightly and additional groups, farther down the chains, begin to have non-negligible contact forces. However, the tail groups continue to contribute the bulk of the contact forces to the overall friction. Examination of the contact forces in the sliding direction based on the position within the monolayer chain when the fullerene tip is used reveals a much different picture. Figure 8 shows the evolution of contact force on individual chain segments as a function of load. At an applied load of 0 nN, the highest friction-generating group of the monolayer is the tail (-CH 3 ) group. At this load, the fullerene has not penetrated the monolayer (figure 1). As a result, groups 14 and 13 have modest frictional forces and the rest of the chain segments within the monolayer contribute essentially nothing to friction. As the applied load increases, the fullerene begins to penetrate into the monolayer ( figure 10 ). For all non-zero loads, the bottom of the tip is now found below the tail -CH 3 group and interacts with more of the monolayer chain than it did at 0 nN. As a result, friction is generated from more than the top two groups in the monolayer. Additionally, there is a shift in which chain segments generate the most friction. At both 10 nN and 20 nN (figure 8), the highest friction-generating group is the group directly beneath the tail group. In fact, a pattern emerges that the odd-numbered chain segments, due to the zig-zag geometry of the n-alkane chains, have a higher friction than the even-numbered groups directly above them. This behavior is seen in all groups moving down the chain from the tail toward the attachment point to the diamond. The tail group has the ability to move farther away from the tip. However, chain groups farther down the chain are restricted by the close proximity of the neighboring monolayer chains. The sliding direction is the direction of the chain cant, and the odd-numbered groups are closer to the fullerene tip when it has penetrated the monolayer.
The contact area can be easily calculated when the amorphous counterface is used because it is infinite in the plane containing the monolayer. Thus, the contact area is taken to be the same as the simulation cell dimensions. In contrast, calculating the contact area when a finitesize tip is used is subject to some uncertainties. In MD simulations, as in experiment, contact between the tip and the monolayer must be defined. Chandross et al defined contact to be the point where the distance between the tip and monolayer was smaller than 0.5 nm [79] . This definition was used to exclude some atoms from contact due to the long-range coulombic terms in the potential. In the simulations performed here, the contact force on each monolayer atom due to the tip is computed; thus, the contact area could be defined as the number of monolayer atoms with non-zero force in the loading direction divided by the total number of surface atoms times the area of the computational cell. Previous MD simulations have also used this definition to calculate contact area [39] [40] [41] [42] 70] . Because the fullerene tip is spherical, contact areas are approximately circular and can be converted into contact radii.
The simulated values for the total contact radius as a function of load, as well as the calculated contact radius using the Hertz [104] , Derjaguin-Muller-Toporov (DMT) [105] , JKR [106] , and contact areas obtained using the thin-coating contact mechanics (TCCM [55] ) model with adhesion forces for JKR-like behavior are also shown in figure 9 . These contact mechanics models require values for the work of adhesion, γ and a Young's modulus and Poisson ratio for both the tip and the substrate. The value 121 mJ m −2 for γ was calculated by integrating the force curve generated by bringing the fullerene tip into contact with the SAM and dividing by the contact area when the force transitions from attractive to repulsive (F = 0). This procedure has been used successfully to determine the work of adhesion for diamond and diamond-like carbon self-mated contacts [107] . This calculated value of γ is in reasonable agreement with γ values for C 12 (104.1 mJ m −2 ) and C 18 (82.8 mJ m −2 ) alkanethiols on gold [108] . Experimentally determined values of elastic modulus of monolayer films vary widely with reported values ranging from 0.18 to 75 GPa [108] [109] [110] [111] [112] with some studies suggesting the value is independent of chain length [110] and other studies suggesting the opposite [113] . Young's modulus of thin films is difficult to measure and can be influenced by the substrate. DelRio et al used the AFM and near edge x-ray absorption fine structure spectroscopy to determine the work of adhesion, Young's modulus and the dichroic ratio of alkanethiols on gold. The value of Young's modulus and the order within the monolayer decreases slightly with decreasing chain length [108] . Because the monolayers used here are perfectly ordered, the modulus for C 18 chains (1.00 GPa) is used to calculate the data in figure 9 .
(It should be noted, however, that the contact radius calculated using contact mechanics models is sensitive to the choice of Young's modulus.) For Poisson's ratio of the monolayer, we adopt the value of 0.4 for a compliant 10 Å thick coating attached on a rigid substrate reported by Reedy [55] . It is clear from figure 9 that the contact radius computed using all the monolayer atoms with a non-zero contact force in the simulations is much larger than the area predicted by the Hertz, DMT, or the JKR models. This is not surprising given the fact that these models do not take into account the compliant monolayer, these models assume perfectly flat surfaces, and that the chemical potential used for the simulations includes long-range interactions through the Lennard-Jones potential. The TCCM model includes an adhesive force and takes into account the presence of a compliant layer and does a reasonable job predicting the contact radius at high loads. However, the contact radius decreases too quickly with decreasing load compared with the simulations.
Previous simulations have shown that a small number of atoms in the contact are responsible for carrying the majority of the load and friction when a fullerene tip indents a monolayer [70] . Over the course of the entire sliding simulation, on average there are 32 atoms (figure 10) with non-zero force in the loading direction that are responsible for ∼96% of the load. The contact radii calculated using the 32 atoms that support the majority of the load (at that point during the sliding) are also shown in figure 9 . (It should be noted that during sliding the identity of 32 atoms with the largest contact forces changes. Despite this, there are always 32 atoms that support ∼96%.) Using this definition, the contact radii as a function of load closely resemble that obtained using the TCCM model. It should be noted, however, there is some disparity between the simulations and the optimal conditions for which the Reedy model was developed. Specifically, the Reedy model supposes that the radius of the indenter is much larger than the height of the substrate the indenter is in contact with (R h). In the case of these simulations, the height of the monolayer is slightly larger than the tip radius. Also, the calculated contact radius is assumed to be much greater than the height of the monolayer (a h). At low loads, this is not the case for these simulations, and even at the highest load, the calculated contact area is only slightly larger than the height of the substrate. Despite these differences, the TCCM model with adhesion added provides the closest fit for the contact radii computed using the 32 atoms that support ∼96% of the load (figure 9).
Conclusion
In this paper, simulations were performed by placing both an amorphous carbon counterface and a spherical fullerene tip in sliding contact with SAMs composed of n-alkane chains with the chemical formula -C 14 H 29 attached to diamond (1 1 1) . Due to the differences in the geometry of the countersurfaces, the amorphous carbon counterface was able to distribute the applied normal load onto all monolayer chains, while the finite-size fullerene tip had a localized affect on the monolayer chains beneath it and in close proximity to it. Single asperity contact measurements, such as those obtained with an AFM, have proven to be a very useful tool for examining mechanical and tribological properties at well-defined interfaces. Measurements made with the same tip on different substrates yield qualitative information about mechanical and tribological properties of the contacting pairs. For instance, there have been many examinations of the friction of SAMS as a function of chain length [31, 34, 114] , terminal-group identity [25, 26, 28, 114, 115] , and packing density [23, 29] . Taken together, these measurements point to a link between friction and interfacial order, with friction increasing as the amount of the order decreases. MD simulations of SAMs have revealed similar trends [77, 81, 82, [99] [100] [101] 103] . In contrast to the experiments, the nature of simulations allows for specific structural features at the interface to be linked to the calculated friction.
In the work presented here, finite-size tips were shown to induce significant disorder within the monolayer compared with amorphous (nominally flat) counterfaces. The amount of disorder was monitored by calculating the two-dimensional structure factor and the number of gauche defects within the monolayer chains. These defects are distributed throughout the chains. In the case of the finite-size tip, increasing the load increases the number of gauche defects within the chains and increases disorder within the monolayer. In contrast, the amorphous carbon countersurface introduces gauche defects that are largely localized at the ends of the chains. This has also been observed in monolayers composed of shorter and longer chains [103] . In addition, because the main effect of increasing the load is compression of the monolayer, the application of load causes the chains to be more uniformly packed, increasing the order of the monolayer. Clearly, this effect relies on the complex interplay between contact area and packing density. In other words, penetration of the countersurface into the monolayer, or increased spacing between chains within the monolayer, will disrupt this effect.
By calculating the contact forces at the interface between the countersurfaces and the monolayer, atoms that carry the majority of the load, or are responsible for the majority of the friction, were identified. The simulations show that with the amorphous carbon counterface the load and the friction are distributed over the entire surface of the monolayer and the largest forces are localized to the tail groups within the chains. Examining these contact forces atom by atom has shown that it is the hydrogen atoms within these groups that carry the bulk of the repulsive and the resisting forces while the carbon atoms have mostly attractive and pushing forces [82] . When the countersurface becomes finite-sized, the way in which load and friction are distributed within the monolayer changes dramatically. At all non-zero loads, the load and the friction are localized around the tip. While a large number of atoms within the chains contribute to the total load in the total friction, the simulations show that a small number of atoms are responsible for carrying the bulk of the load and the friction. The orientation of the chains and the direction of the sliding cause the odd-numbered chain segments (-CH 2 -or (-CH 3 ) to have higher contact forces than the even-numbered chain segments.
To obtain quantitative information from AFM measurements, details regarding the shape of the contact, such as the shape of the counterface, and mechanical properties of the contacting materials must be known. Once these details are known continuum contact models have been routinely used to extract properties, such as Young's modulus and interfacial shear strength from the AFM data. Recent MD simulations have shown that continuum contact models underestimate the contact area of nanoscale contacts. Despite the fact recent MD simulations show that continuum contact models underestimate the contact area [39] [40] [41] [42] , they have been successfully used to interpret AFM data [3, 19, 37, 41, [43] [44] [45] [46] [47] [48] [49] [50] [51] . The addition of a compliant layer on the substrate complicates the analysis of the AFM data.
The results presented here may provide an insight into the apparent contradiction discussed above. Herein, when a finite-size tip is used it is shown that the majority of the load and friction arises from interactions of the tip with a small number of atoms, while many more atoms contribute to the total load and total friction. There are 1321 atoms that have non-zero contact forces in the loading direction while only 32 atoms contribute to the majority of the load (∼96%). If this subset of atoms is used to calculate the contact radius as a function of load, the results match very well with the recently developed contact model for a compliant layer on a hard substrate [55] . The fact that the interaction of a few atoms is responsible for the bulk of the load and the friction is important if one considers an AFM tip. Even if the size of the tip is well known, the number of atoms that contribute to the contact area may be less than might be inferred from the tip radius. In addition, if the tip contains irregularities (i.e. not perfectly smooth), these areas of the tip may contribute significantly to the interactions between the tip and the sample while only being a small geometric feature.
